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ABSTRACT 


DC power distribution has become a topic of interest in the recent past, 
despite being given up a long time. A number of research efforts have been 
carried out in this field; especially the idea of DC distribution for microgrids 
has witnessed a significant amount of time and attention. System efficiency 
is one of the under-research areas of this field that has witnessed a lot of 
research efforts which were generally simulation based studies. Detailed 
mathematical efficiency analysis is missing in the present body of 
knowledge. In this regard, the current research effort aims to present a 
foundation level mathematical efficiency analysis set-up that may be used as 
an analytical testbed for different efficiency studies especially those related 
to the comparative evaluation of DC and AC systems. The current effort 
highlights the strong dependence of AC and DC distribution system 
efficiency on the factor of time. The efficiency advantage of DC over AC or 
vice versa within a specified duration depends on the ratio of DC and AC 


grid powers summed over the duration. 
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1. INTRODUCTION 

Direct current (DC) for the transfer of electrical energy-this is how the electric power system started 
[1], [2]. However, this was given up soon and alternating current (AC) was adopted which remained as a 
standard practice for more than a century-and enjoys this place even now. Nevertheless, DC has reinstalled 
itself in the electric power system in the form of high voltage DC (HVDC) transmission lines, modern 
electronic loads and solar photovoltaic energy generation; while it is in the research phase for being used in 
residential distribution systems [3]-[5] and microgrids [6]-[9]. 

Efficiency is a concept having a long and strong relationship in the DC vs. AC battle. Why DC was 
given up? Because AC systems provided higher power/energy efficiency. And why DC was re-introduced? 
Apparently, this was again due to the higher energy efficiency of DC power transmission as compared to AC 
for under-sea cables for the Gotland project in Sweden in 1954 when the first commercial HVDC line was 
installed. Afterwards, the HVDC technology witnessed further development and it was proven to deliver 
higher efficiency as compared to AC, provided certain condition(s). Consequently, these lines have been 
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installed in various places of the world. So, the efficiency of delivering electrical power/energy has been a 
crucial concept for the direct current paradigm. 

On the utilization side, again we can see the factor of efficiency making decisions. For example, we 
may say that electrical illumination which dates back to the incandescent bulb, invented by Edison, went on 
to fluorescent lights which gave higher efficiency and now LEDs providing the highest efficiency of all three 
technologies are being talked about. LEDs are inherently DC loads. Furthermore, heat-pump based heavy 
residential loads of space cooling and refrigeration are also witnessing the use of variable speed drives 
(VSDs) which provide higher efficiency as compared to the earlier On-Off control based compressors. VSDs 
use an intermediate DC stage and can be operated directly from DC provided a suitable voltage is available. 
Hence, DC is making a come-back in the system, and efficiency may be one of the determining factors. 

In this research effort, we present a mathematical setup for the analysis of efficiency of a DC 
distribution system for use in a microgrid or otherwise. The paper presents a foundation level mathematical 
model that allows to maintain the individuality of each load in a house (as well as the whole system), the 
efficiency characteristic of an associated converter and the solar energy in each home in the model. 
Guidelines for using this model for efficiency studies will also be presented in the paper. The subsequent 
section will present a brief and relevant literature review as well as the gap in the present body of knowledge 
where this research effort aims to make its contribution. 


2. LITERATURE REVIEW 

As mentioned in the introduction, DC power distribution is currently in the research phase and a 
number of efforts have been directed towards it [10]-[17]. Dastgeer [18] is a recent review paper of the 
authors, related to efficiency analysis studies of DC distribution systems and microgrids (the current article, 
takes up the idea of mathematical modelling presented in [18]). Over here, we focus this section towards the 
review of system modelling used in efficiency studies of DC systems. 

H. E. Gelani and F. Dastgeer [19] presents an efficiency study of DC distribution systems and 
performed a sensitivity analysis of the efficiency w.r.t loss coefficients of DC/DC system transformer. US 
Buildings Energy Data book was used for system modelling; wherein a single building block (BB) was taken 
to be composed of three categories of loads-natively DC, natively AC and independent (of AC or DC) loads. 
Various types of residential loads such as heating, cooling, and electronics. were actually categorized in these 
three types for the MATLAB based system simulation. Furthermore, US Energy Information Administration 
data was used to set daily load demand of a BB to be 30kWh and averaged power values were used (rather 
than instantaneous) for the modelling of the loads. 

F. Dastgeer and H. E. Gelani [20] performs a comparative efficiency study for AC and DC systems. 
The modelling used is similar to that in [19] averaged load models (rather than instantaneously varying loads) 
are used and a single BB model is replicated on the whole system. Besides natively AC, natively DC and 
Independent load categories; a variable speed drive (VSD) loads category is also used in this MATLAB 
based simulation study-VSD category includes the loads of space heating and cooling. 

B. Glasgo, I. L. Azevedo, and C. Hendrickson [3] is another simulation based comparison of DC and 
AC for residential power distribution. The authors have used data of Pecan Street Research Institute for 
modelling residential loads. Appliances were separated into five categories (Refrigeration, AC motors, 
Electric Vehicles, Resistance heating, others) and battery storage as well as solar energy were also included. 
Over here, again the bundling of appliances into categories leads to the loss of intricate variations of 
individual loads. Furthermore, similar to [19], [20] the use of a single PEC for a whole category of appliances 
is a departure from the real world scenario where a single converter is used for each appliance. However, as 
opposed to [19], [20], the individuality of homes is not lost and each home is a different entity in the 
simulation since the data comes from a real world source. 

D. L. Gerber et al. [4] is a simulation based study for comparative efficiency study of DC and AC 
for commercial buildings. The studies are carried out for small and medium sized office buildings; results for 
large building have also been presented in appendix. As regards the system modelling, the authors have 
assumed all loads to be operating internally on DC. Furthermore, the building-to-building variation in loads 
is not mentioned explicitly. Similarly, the solar power and power electronic converters are apparently 
assumed to be the same at a given time in various buildings of the system. Moreover, the use of a single PEC 
for a whole category of appliances is again a departure from the real world scenario. 

V. Vossos, K. Garbesi, and H. Shen [10] present a simulation based comparison of AC and DC 
power distribution for net-metered US residential buildings. For the DC system, the study categorizes all 
loads into three classes-Cooling, Non-cooling and low power loads. Furthermore, averaged loads models as 
well as averaged PEC efficiency values have been apparently used by the authors. The paper concludes that 
DC could be beneficial for US houses with net-metered PV systems; under certain conditions. 
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H. R. Atia et al. [21] presents an efficiency analysis of AC and DC coupled microgrids considering 
load profile variations. The authors mention the use of a probabilistic model based on Queue theory for load 
profile estimation for residential buildings. Fixed values for PEC efficiencies were assumed in this study and 
details of individual appliances are not explicitly mentioned. The authors conclude AC system to be more 
efficient as compared to DC. Furthermore, in the relatively distant past, [14], [16] are a couple of efforts 
which discuss the comparative efficiency of DC and AC distribution systems- ([14] is simulation based). 
Instantaneous variations in loads have not been discussed in these efforts and the PEC efficiency values have 
also been assumed to be fixed-any detailed mathematical models have not been developed. Besides the 
aforementioned literature, [22]-[26] are other articles which touch upon DC power in one way or the other. 


2.1. The contribution of the current effort 

The current research effort presents a unique modeling in the sense that it allows for each load in the 
system to be treated as a distinguishable entity instead of being bundled/grouped into an appliance 
class/category. The modeling is detailed and intricate providing the capacity to include every single load of a 
building, with the provision to have a separate PEC (with its own efficiency characteristics) for the load. 
Furthermore, instead of making multiple copies/replicas of the same building block in a model, the current 
work allows each building to be a separate unit. 

Moreover, aS mentioned earlier in this section, various research efforts are based on simulation 
studies. A detailed mathematical model for the sake of system efficiency analysis is apparently missing in the 
current body of literature. The current work intends to present such a framework for the detailed efficiency 
analysis (and comparison) of a DC distribution system which maintains the individuality of each load in a 
house, the efficiency characteristics of each associated converter as well as the solar generation of the house. 
This is in contrast to those earlier efforts where modelling used averaging or merging different loads into 
categories/classes wherein the individuality of loads was lost. Moreover, in section 4 we present some 
guidelines for the use of our mathematical framework for future studies of DC network efficiency analyses. 


3. MODELLING FOR THE SAKE OF EFFICIENCY ANALYSIS 
In this section, we present the system modelling for the comparative efficiency analysis of the DC 
and AC distribution systems respectively. 


3.1. DC distribution system 

A detailed mechanical model for DC distribution system is presented in this section. Solid State 
Transformers (SST) will be replacing the conventional electromagnetic AC/AC transformer and the voltage 
level choice can depend on several factors. As in [18], [20], inside a single building block (BB), the loads are 
divided into four types-these are: 


A Inherently AC loads (e.g. induction motor based clothes washer) 
D Inherently DC loads (e.g. LED lights) 
I Loads independent of power supply type (e.g. an electric iron can work with DC 1f suitable voltage 


is supplied) 

VSD _ Variable speed drive loads (e.g. inverter type refrigerator) 

Figure 1 presents a schematic diagram of a single building in the system. VSD loads have been 
assigned a separate category because of their special requirement of two stage power electronic conversion 
(AC/DC and then DC/AC) when used with the current AC power distribution systems. In the DC systems, 
these loads may add to system efficiency by omission of the first AC/DC stage if the line mains supplied DC 
voltage is directly useable by the loads for their second stage DC/AC conversion. Here, we assume this to be 
the case. If it is not so, then a DC/DC pre-conversion will be required before the second stage can take place. 

Subsequently, four different multilayer load matrices for each of the four types of load are formed 
for all the BBs being served by the system SSTs. Here, the DC loads connected to all the SSTs have been 
represented in the given matrix. Where each layer of the matrix is showing the DC loads connected to a 
single SST and total SSTs range from ‘a’ to ‘x’. 
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Here each column of a single layer is representing power demand of individual D type loads in one 
BB-the loads range from ‘/’ to ‘n;’ and BBs range from ‘/’ to ‘m’. For any BB with lesser than n; loads, the 
matrix entries may be put zero (with an adjustment in the software code being used for running the model, to 
avoid a divide by zero error). Thus pp11(t:) shows the power demand of the first load in consideration of BB1 
at time instant tı. Because of the natural daily load variation, the study will need to be carried out at multiple 
instances of time throughout a day (and through various days of the year if seasonal variation is also to be 
included). The remaining three load matrices may be written similar to (1). Subsequently, the matrices for 
rated power of the various PECs which will be serving the loads are required. For the DC/DC converters, the 
matrix may be written as (2). 
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Figure 1. A schematic diagram of a single BB in the model 
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Were Faaijk represents the rated power of the PEC attached to the im DC load in the jm building 
connected to kth SST. Similar matrices (of d/Arating and VSdrating) Will be created for the DC/AC inverters and 
the VSD load converters (with- or without a DC/DC pre-conversion as mentioned earlier) of the building. It 
is worth mentioning that the current modeling is assuming a worst case scenario of using PEC for each DC 
load of the system. For loads directly operable with the supplied DC voltage level, this conversion is 
inessential and the system model may be adjusted accordingly. 

The next step is to determine the operating point of each load upon its efficiency characteristic; 
subsequent to which the input power of each load may be evaluated. Here, the efficiency characteristics are 
approximated to polynomial functions up to fourth degree. This may vary from case to case, and even the 
polynomial approximation may be unsuitable for efficiency curves showing high degree of variation-in such 
cases the model may be altered to involve higher polynomial degrees and piecewise functions respectively. 
Over here, we model an efficiency curve of, say the im DC/DC converter in the j; building attached with kth 
SST as (3). 
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4 
Naa-ij (tr) = Qij (Pout) T bi; C.) cu) + dj;(...) F Cij (3) 

The ratio (ppijk(ti)/raaijk) is not written repeatedly for brevity. Furthermore, as the load ppjx(t7) is 
itself a function of time, hence the efficiency point of the corresponding DC/DC PEC becomes (an indirect) 
function of time. Although, strictly from the efficiency characteristic point of view Yaq-ij(ti) is a (direct) 
function of converter loading. Prior to the execution of this step, the efficiency curves of the various PECs 
will be identified and the coefficients a, b, c, d and e will be determined for each characteristic via curve 
fitting to generate nlxmxk matrices for each coefficient. Similar is required for Maa-ijx and Mysa-ijk. 
Subsequently, for the total load of a single BB (say j; building), the input power p,(t;) may be computed and 
a total sum of the summations of all four types of load categories eventually yields the total input power p;(tı) 
demanded by the building at time — tı. 
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Moreover, the modelling allows each home to have a separate PV system and the solar power produced in the 
jm building at time tı may be expressed as 


Psotar—j(t1) = {Asp-; X [aj(t1)* + B)1)? + 7; (6)? + 6(t)* + tN (5) 


Again we have assumed a fourth degree polynomial for the curve fitting of solar generation (PV 
panel output) graphs and the coefficients a, P, y, 0 and € may be different for each BB in the model 1.e. each 
building may have a different solar capacity/panel orientation. Furthermore, the PV panel output may pass 
through different converters in different buildings, hence we introduce the variable Asp which is a fractional 
factor representing PEC losses in conversion of solar power to the DC voltage useable by the building. 

Furthermore, for an even detailed modeling, Asp may itself be taken as a varying factor and 
expressed as a mathematical function of the power being generated; or its values (for a single building) may 
be stored in a look-up table, wherein the appropriate value will be used for the analysis time stamp in 
consideration. Subsequently, the total power demand of jm building while ignoring conduction losses for 
secondary distribution (which may draw its support from [4] who assumed line losses to be comparable in 
AC and DC homes-the model needs augmentation to include these in a non-comparative study) may be 
expressed as (6). 


Paemand- jt) = aa Pt) Psolar— j(t) (6) 


Subsequently, for the total load of a single SST (say ath SST), the output power Pout-ssta(t1) may be computed 
by using the total summation of load demands of all buildings at time stamp tų. 


Pout-ssTa (tı) = Èj- Paemand-j (t1) (7) 


Subsequently, the input power drawn (or output power supplied in case of excess generation) by the system 
SST may be evaluated as (8). 


Pin-ssra(tı) = Poutssra tn (8) 

Again the efficiency function of the SST (yssr) may be treated as a polynomial expression; 
moreover, two different functions may be used for forward and reverse power flow. The conduction losses 
(in-building and SST-to-building) have not been taken into account in this model-they may be deemed 
ignorable in a DC vs. AC comparative efficiency study [20]. Again, in a non-comparative study, the model 
needs augmentation to include them. However, the conduction losses in primary distribution system from 
grid to single SST (say ath SST) can be modelled as (9). 


Pin- (t1) 
Pu-ssra(t1) = oe X Pline—ssta (9) 


Subsequently, for the total power drawn from DC grid can be calculated by adding the input power and 
conduction line losses of all the SSTs connected to grid as (10). 
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Pog (ti) = Xk=a Pin-ssra(tı) — Pu-ssra (ts) (10) 


Subsequently, the total load demanded from grid can be calculate by the summations of load demands of all 
the categories (1.e. D, A, I and VSD) for all the BBs connected to all the SSTs at time stamp t4. 
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Finally, the efficiency of the system under consideration may be evaluated as (12) 


— Pout(t1) _ PLoad-total(tı) (12) 
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where Pzoad-total(ti) is the total load served in all the buildings and is a sum of the various loads present in 
Atoads(ti), Dioaas(t1), ILoaas(tı) and VSDLoaas(t1) matrices. Note that efficiency is treated as a per unit value. (The 
efficiency results of (12) can be negative, refer to (6)). Subsequently, the energy efficiency of the system may 
be expressed as (13). 
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Here (t) represents the value of a single discrete time sample in the duration ta-tp during which 
NEnergy-DC-Distribution (ANd hence PLoad-toral ANA Peria) is assumed to be constant, o is the total number of such 
samples in the duration. t qur refers to the duration of the interval t. As shown in Figure 2, a small error may 
be there in the assumption of constant 7Enerey-DC-Distribution, however, this may easily be lowered by increasing 
the number of samples of 7power-system and reducing the value of t dur. 
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Figure 2. Power and energy efficiency 





3.2. AC distribution system 

For the AC distribution system efficiency study, the load matrix for D type loads may be represented 
as (14). Load matrices for categories A, J and VSD can also be represented similarly. Then instead of DC/DC 
and DC/AC converters of the DC system, this system will be using AC/DC rectifiers and AC/DC/AC 
converters for the VSD loads (note that here, we are not discussing the location of the PECs 1.e. are the 
converters built-in for the loads or need to be provided externally-the current modelling is treating this topic 
as a general power electronic conversion). Subsequently, the matrices of @/drating and VSdrating are required 
similar to the d/dyating, d/Arating and VSdrating Matrices used in the DC system. For AC/DC converters, the matrix 
will be written as (15). 
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The vSd,ating Matrix will be different here (henceforth referred to as vsd ating) because the power 
electronic conversion for VSD loads in the AC system is composed of AC/DC/AC conversion. Subsequently, 
the polynomial expressions for the efficiency of DC/AC conversion (Naa-ijx) and the AC/DC/AC conversion 
(q vsp-ikj) Of VSD loads may be written. Continuing the system modelling on similar lines as for the DC 
system, the total load power for jth building is expressed as (16). 
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Continuing on similar lines as earlier, the solar power generated by jth building may be expressed as (17). 
Protar—j(t1) = {Asa—j X [aj(t)* + Bit)? + yE? + Et) + GB (17) 

Here the difference as compared to the DC model is the use of As4 variable which represents solar to AC 

power conversion. Moving on the power drawn by the ath distribution transformer Pin-xjnr may be evaluated 


as (18). 
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Moreover, the equation for line losses of 3-phase AC Distribution system can be written as (19). 
Pu-xpmra(ts) = I? X Riine-xfmra = Sq = (19) 
—Xfmra ine—Xfmra 3XRline(t1) 


Here, Riine-xjmr 18 the AC resistance of all the three conductors used for power distribution from AC grid to 
Distribution transformer and Vrne is representing line to line voltages. Similarly, the total power drawn from 
AC Grid can be expressed as (20). 


SAG (t1) = Pac (t1) F QAG (t1) = Sealine (t1) ~~ Pul—x fmrk (t,)| T Akau Qin-xfmrk (t1) (20) 
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Finally, the system power and energy efficiency values may be determined via; 


Pout (t1) Proad—total(t1) 
ey) = Poutlts) _ Proad-totat(ts) (21) 
Nac Distribution 1 1) Pin (t1) Pag(t1) 
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4. GUIDELINES FOR USING THE PRESENTED MODEL 

In this section we present some guidelines for using the proposed framework in comparative 
efficiency studies of DC and AC networks. Figure 3 presents a flow chart showing the process steps for the 
DC system efficiency study, a similar chart may be made for the AC system. The first three steps are required 
to initiate the study, then 4-8 may be continued in a loop for various time samples t4, t2, ..., of a duration tg — tp. 
Subsequently, the energy efficiency may be evaluated using the stored values of pLoad-mBBs and pin-SST. 

Furthermore, an efficiency analysis using our framework will need to derive load data from 
datamining or non-intrusive load monitoring (NILM) tools and build the required data set which will also 
include PEC characteristics and solar generation of each home. Nevertheless, it should be mentioned that 
although this model presents a framework for an efficiency analysis incorporating the individuality of various 
system elements, still, a future study that aims to use this model can make some assumptions/repetitions that 
digress from this individuality based upon the availability of data, the duplication of loads in physical 
residential buildings as well as the level of depth and details required by the study. 

Moreover, the framework may be used purposes other than the evaluation of efficiency values of AC 
and DC systems. For example, as mentioned in [18], sensitivity analysis is an idea for the efficiency studies 
and the proposed framework can be used for exploration in this direction. Furthermore, it 1s worth 
mentioning that with substantial solar generation installed/assumed in buildings, there may be times where 
efficiency calculations in DC and AC systems yield negative values indicating reverse flow of power/energy. In 
this case a higher negative value (in other words a smaller absolute value) indicates better system performance. 
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Figure 3. Brief flow chart for DC system efficiency study-step 6 may be incorporated as part of step 7 
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5. SHORTCOMINGS AND FUTURE 

Lastly, we list some of the assumptions which have not been removed in this framework. It has been 
assumed that; 

— The reactive power requirement from inverters is met entirely by their output filter, and has no effect on 
input DC side. Inverter efficiency is solely dependent on output real power. 

— Rectifiers require no input reactive vars as perfect power factor correction is assumed. 

— VSD loads require no DC/DC pre-conversion and can directly work with the DC voltage level in DC system. 

— Conduction losses have been ignored. 

Working with these assumptions may be possible future work directions. Especially, primary 
distribution system line-losses should be included. Although only real power will be used for power 
efficiency analysis. However, a proper inclusion of these calls for usage of load-flow analysis iterative 
techniques such as DC flow or Newton-Raphson power flow, and since the effect of line losses on 
comparative analyses is minor, hence they have been left for a possible future expansion. 


6. CONCLUSION 

This paper has presented a mathematical modelling based test setup for the efficiency studies of DC 
distribution networks and microgrids-especially for comparison with counterpart AC systems. It may be said 
that besides presenting a mathematical model for the efficiency studies of DC networks; avoiding the 
averaging of loads and the merging of loads into categories that deprives them of their individuality has been 
an aim of this study. Nevertheless, we could not make it an assumption-free framework. This may be worked 
upon by a future study which utilizes this model as it may choose which assumption to keep and which to 
replace by a closer to real world augmentation. 
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